Helicobacter pylori, the bacterial pathogen associated with gastritis and peptic ulcers, is highly successful in establishing infection in the human gastric mucosa, a process typically associated with massive infiltration of inflammatory cells. Colonization of the mucosa is suggested to be facilitated by H. pylori-produced cecropin-like peptides with antibacterial properties, giving the microbe a competitive advantage over other bacteria. We show that a cecropin-like antibacterial peptide from H. pylori , Hp(2-20) , not only has a potent bactericidal effect but also induces proinflammatory activities in human neutrophils, e.g., upregulation of integrins (Mac-1), induction of chemotaxis, and activation of the oxygen radical producing NADPH-oxidase. Furthermore, we show that these effects are mediated through binding of Hp(2-20) to the promiscuous, G-protein-linked lipoxin A 4 receptor-formyl peptide-like receptor 1.
The stomach mucosa infected with Helicobacter pylori, the causative agent of gastritis and peptic ulcers, typically shows massive infiltration of inflammatory cells. It is generally believed that the inflammatory response causes the destruction of the host mucosal tissue, a process that is probably beneficial for H. pylori by promoting a release of nutrients from the epithelial lining and enabling bacterial growth and persistence in the mucosal tissue (2) . Proinflammatory proteins and peptides, generated during bacterial growth, may thus play an important role in the pathogenesis of H. pylori-associated disease (20, 22) . Since the induced mucosal damage closely correlates with the infiltration of neutrophils (15) , proteins and peptides that can activate these inflammatory cells are of particular interest (1, 23) .
H. pylori survival in the mucosal lining is dependent on a number of different bacterial virulence features, including production of a vacuolating cytotoxin and an ability to resist phagocytic killing (1, 9) . In addition, H. pylori persistence in the mucosa has been suggested to be facilitated also by antibacterial products released from the bacterium. As H. pylori itself is resistant to its antibacterial products, a release of these compounds would give H. pylori a competitive advantage over other microorganisms (21a) .
The antibacterial activity of H. pylori has been traced to cecropin-like peptides derived from the amino-terminal part of its ribosomal protein L1 (RpL1) (21a) . Cecropins are a group of antibacterial peptides first discovered in the context of insect immunity, later found in higher organisms (e.g., mammals), and recently, also identified in a bacterium (for a review, see reference 3). It has therefore been suggested that cecropins have their evolutionary origin in a bacterial rpl1 gene (21a) .
The cecropins are composed of two amphipathic ␣-helices joined by a hinge (3) , and one of the most potent of the antibacterial cecropin-like H. pylori peptides, Hp (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) , is composed of one such cecropin-like helix. The mechanism by which the cecropins exercise their bactericidal effect is not yet fully understood but is thought to involve formation of pore structures, leading to depolarization of the bacterial membrane (12) . Whereas the molecular mechanisms behind the resistance of H. pylori to its own antibacterial peptides are unknown, the presence of cholesterol seems to protect eukaryotic membranes against the lytic activity (3).
The aim of the present study was to investigate the effect of the antibacterial peptide Hp (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) with respect to its proinflammatory activity on human neutrophil granulocytes, as these cells are key components in the inflammatory response evoked by H. pylori. We found that the peptide is chemotactic for neutrophils, that it induces mobilization of adhesion molecules to the cell surface, and that it activates the NADPHoxidase. The receptor activated by Hp (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) was found to be the lipoxin A 4 receptor-formyl peptide-like receptor 1 (LXA 4 R/FPRL1).
MATERIALS AND METHODS

Peptides.
A cecropin-like peptide, Hp (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) , with a sequence (AKKV FKRLEKLFSKIQNDK) identical to that of the amino-terminal part of ribosomal protein L1 in H. pylori, was synthesized and purified by high-pressure liquid chromatography (HPLC) by Innovagen (Lund, Sweden). The peptide was dissolved in water and stored at Ϫ70°C until use. The hexapeptide Trp-Lys-Tyr-Met-Val-D-Met-NH 2 (WKYMVm) was synthesized and purified by HPLC by Alta Bioscience (University of Birmingham, Birmingham, United Kingdom), and the formylated peptides formyl-Met-Leu-Phe (fMLF) and formyl-Met-Leu-Phe-Lys (fMLFK) were from Sigma Chemical Co. (St. Louis, Mo.). These peptides were dissolved in dimethyl sulfoxide to 10 mM and stored at Ϫ70°C until use. Further dilutions of all peptides were made in Krebs-Ringer phosphate buffer containing glucose (10 mM), Ca 2ϩ (1 mM), and Mg 2ϩ (1.5 mM) (KRG; pH 7.3). The lipopolysaccharide content in the buffers used was less than 0.15 ng/ml. Isolation of human neutrophils. Blood neutrophils were isolated from buffy coats from healthy blood donors by dextran sedimentation and Ficoll-Paque gradient centrifugation (5) . The cells were washed and resuspended (10 7 /ml) in KRG and stored on melting ice until use.
Antimicrobial assay. Escherichia coli bacteria of strain MG1655 were grown overnight in Luria broth at 37°C on a rotary shaker. The bacteria were washed and diluted in phosphate-buffered saline to a density of approximately 10 5 bacteria/ml. The Hp (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) peptide was added to the bacteria at various concentrations, and these samples were then incubated at 37°C for 15 min, after which 10-l aliquots were diluted and plated onto nutrient agar plates for determination of viable counts.
Mobilization of Mac-1. Mobilization of subcellular organelles was followed by measurement of the level of exposure of Mac-1 (CD11b/CD18) on the neutrophil surface. Neutrophils were preincubated at 37°C for 5 min, supplemented with the peptides or KRG (control), and incubated for another 10 min at 37°C. After fixation and washing of the cells, the cells were labeled with phycoerythrinconjugated monoclonal antibodies specific for CD11b (clone 12 catalog no. 347550 [Becton Dickinson, Mountain View, Calif.]; 10 l to a cell pellet of 10 6 cell) and examined by FACScan (Becton Dickinson) analysis (10) .
Neutrophil chemotaxis. Neutrophil chemotaxis was determined with Che-moTx multiwell chambers (Neuroprobe Inc., Gaithersburg, Md.) according to the instructions given by the manufacturer. In short, neutrophils were suspended in KRG supplemented with bovine serum albumin (BSA; 0.3% [wt/vol]), and samples (30 l of 10 6 cells/ml) were placed on top of 3-m-pore-size polycarbonate filters. Various concentrations of the different peptides, diluted in KRG-BSA, were applied to the lower reservoir (below the filter). The neutrophils were allowed to migrate through the filters, and the accumulation of cells in the lower compartments was determined after a 90-min incubation period at 37°C. For quantification, the content of myeloperoxidase was assessed in the lysates of transmigrated cells by adding a peroxidase substrate (o-phenylenediamine; Dako A/S, Glostrup, Denmark). The maximal number of cells recovered in the lower compartment (achieved with the highest concentration of attractant) was about 15% of the number added to the top of the filter.
Neutrophil NADPH-oxidase activity. The NADPH-oxidase activity was determined with luminol-and isoluminol-enhanced chemiluminescence (CL) systems that allow us to measure the released reactive oxygen species (ROS) as well as the ROS generated inside the cells (11) . The CL activity was measured in a six-channel Biolumat LB 9505 (Berthold Co., Wildbad, Germany) instrument by using disposable 4-ml polypropylene tubes with a 180-or 360-l reaction mixture containing 2 ϫ 10 5 neutrophils. The tubes used for measurement of extracellular ROS release contained horseradish peroxidase (a cell-impermeant peroxidase; 4 U) and isoluminol (a cell-impermeant CL substrate; 2 ϫ 10 Ϫ5 M). Tubes used for measurement of intracellular ROS generation contained superoxide dismutase (a cell-impermeant scavenger for O 2 Ϫ ), catalase (a cell-impermeant scavenger for H 2 O 2 ), and luminol (a cell-permeant CL substrate). When the NADPH-oxidase inhibitor diphenyleneiodonium (from Sigma) was used, the inhibitor was added to the cells (10 Ϫ5 M) prior to equilibration. The tubes were equilibrated in the Biolumat instrument for 5 min at 37°C, after which the stimulus (20 or 40 l) was added. The light emission was recorded continuously.
Changes in cytosolic calcium in HL-60 cells expressing FPRL1 and FPR. Stable expression of the formyl peptide receptor (FPR) and FPRL1 in undifferentiated HL-60 cells was obtained as described earlier (10), and their interaction with Hp (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) was determined by the ability of the peptide to mobilize intracellular calcium. Cells were loaded with 2 M Fura 2-AM (Molecular Probes, Eugene, Oreg.) for 30 min at 37°C, washed, and resuspended in RPMI without phenol red. The measurements were carried out with a SPEX FluoroMAX fluorescence spectrophotometer with an excitation wavelength of 340 nm and an emission wavelength of 505 nm. Intracellular free calcium concentrations were calculated by the formula K d (F Ϫ F min )/(F max Ϫ F) with a K d for Fura-2 of 224 nM (7) . F max is the fluorescence in the presence of 0.04% Triton X-100, and F min is the fluorescence obtained after addition of 5 mM EGTA plus 30 mM Tris-HCl (pH 7.4).
RESULTS AND DISCUSSION
Proinflammatory and antibacterial activities of Hp(2-20).
Neutrophil adhesion and endothelial transmigration are, in part, regulated at the level of integrin mobilization to the cell surface; i.e., these adhesion molecules, which are required for firm adhesion to the vessel wall, can be mobilized from intracellular organelles upon cell activation (4) . To investigate if Hp (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) could induce granule mobilization, we measured the exposure of the integrin Mac-1 on the neutrophil surface after incubation with the peptide. We found that Hp(2-20) induced Mac-1 mobilization (Fig. 1A) in a dose-dependent manner at concentrations similar to those required for a prominent antibacterial effect (Fig. 1B) . The maximal level of Mac-1 mobilization was comparable to that induced by the well-characterized neutrophil chemoattractant fMLF (27) . The Mac-1 integrins are stored in neutrophil secretory organelles that supplement the plasma membrane not only with novel adhesion molecules required for adhesion to endothelial linings but also with chemoreceptors required for neutrophil extravasation into an infected tissue (26) . The effect of Hp(2-20) on neutrophil migration was subsequently investigated. We found that Hp (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) , in addition to inducing increased integrin expression, also promoted neutrophil chemotaxis (Fig. 2) . The maximal migration obtained in response to Hp (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) was com- Many neutrophil chemoattractants are also activators of the neutrophil NADPHoxidase, which transports electrons from cytoplasmic NADPH across the membrane to molecular oxygen, producing toxic oxygen radicals (i.e., superoxide anion and hydrogen peroxide) (8) . Challenge of neutrophils with Hp(2-20) induced superoxide anion production ( Fig. 3) with kinetics similar to that of an fMLF-induced response (Fig. 3, inset) . The site of oxidant production is determined by the nature of the receptor engaged. This is illustrated by the fact that activation through FPR promotes oxidase assembly at the plasma membrane and rapid release of superoxide into the extracellular milieu. In contrast, activation through surface receptors such as CR3 and CD66 promotes oxidase assembly on internal membranes (14, 24) , generating ROS inside the phagocyte. The neutrophil NADPH-oxidase activity induced by Hp(2-20) occurred exclusively at the plasma membrane (data not shown), and as a consequence, all the ROS produced was released extracellularly. The superoxide anion production was completely abolished by the addition of superoxide dismutase or by preincubation of the cells with the NADPH-oxidase inhibitor diphenyleneiodonium (data not shown). Such a release of ROS at sites of chronic inflammation not only may exert their toxic effects on infecting microorganisms but also may inflict damage on host cells and tissues (17) , resulting in a release of endogenous nutrients, promoting bacterial growth at the inflammatory site (2) .
Characterization of the receptor responsible for Hp(2-20)induced activation of Neutrophils. The bactericidal activities of most antibacterial proteins and peptides, including those belonging to the cecropin family, are thought to be dependent on nonspecific electrostatic interactions with bacterial membrane structures such as phosphate residues of bacterial lipopolysaccharides (3, 12) . In contrast, the cellular responses evoked in neutrophils are usually dependent on the binding of an agonist to specific receptors present in the plasma membrane of the cell (26) . As illustrated in Fig. 3 , the oxidative response induced by Hp (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) was abolished by preincubation of the cells with pertussis toxin, known to specifically block the signaling induced by 7-transmembrane-spanning receptors linked to G i -type heterotrimeric G proteins (27) . This result indicates that Hp(2-20)-induced activation is dependent on receptor binding.
A number of neutrophil chemoattractant receptors have been identified and characterized (28, 29) , including FPR, the LXA 4 R/FPRL1, the C5a receptor, the CXC chemokine interleukin-8 receptor, the receptor for platelet-activating factor, and the leukotriene B 4 receptor. All these receptors have been cloned by the use of exogenous expression or homology hybridization strategies, and all of them belong to the G-proteinlinked 7-transmembrane family of receptors. Some of these receptors are highly specific with respect to the activating chemoattractant, whereas others are shared by many different agonists. The cellular responses induced by Hp (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) are in many ways similar to those induced by fMLF, suggesting that the receptor engaged by Hp (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) should possess similarities with FPR. LXA 4 R/FPRL1 was originally isolated as an orphan receptor by low-stringency cross-hybridization with FPR cDNA and has 69% sequence identity with FPR (21) . The sequences of the two receptors are particularly similar in the transmembrane domains and the intracellular loops, suggesting that they transduce the same signals downstream of the receptor. The differences in the extracellular domains imply that the two receptors should bind to and be activated by different ligands. LXA 4 R/FPRL1 is a promiscuous receptor that, in addition to the lipoxygenase-derived eicosanoid LXA 4 (16) , also binds to at least five unrelated peptides and proteins (10, 19, 25, 29) , also making it an attractive receptor candidate for Hp (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) .
Cells stably transfected with FPR or LXA 4 R/FPRL1 were investigated with respect to their ability to interact with Hp (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . In a previous study, we had stably expressed either FPR or (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) induces superoxide anion production with kinetics resembling the kinetics of fMLF-induced superoxide anion production. Pertussis toxin completely abolishes activation of the neutrophil NADPH-oxidase, indicating that the activation is dependent on signaling via a G-protein-coupled receptor. Neutrophils were preincubated at 37°C for 60 min in the absence (solid line) or presence (dotted line) of pertussis toxin (PT 500 ng/ml) and were then stimulated with Hp(2-20) (100 M) or fMLF (50 nM; inset). The superoxide anion release was measured by isoluminol-enhanced chemiluminescence (11) . The arrows indicate the addition of peptide. LXA 4 R/FPRL1 in HL-60 cells, a cell line of myeloid origin that does not express these receptors when the cells are undifferentiated (10) . Addition of the newly described LXA 4 R/FPRL1 agonist WKYMVm (10) to LXA 4 R/FPRL1expressing cells induced a calcium concentration rise that peaked at 450 nM (Fig. 4A, inset) , and the application of Hp (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) at a concentration of 1 M induced a calcium mobilization with similar kinetics (Fig. 4A) . In contrast, stimulation of FPR-expressing cells with Hp(2-20) of concentrations up to 10 M did not result in a calcium concentration rise (Fig. 4B) . The 50% effective concentration of Hp(2-20)-induced calcium mobilization in LXA 4 R/FPRL1expressing cells was about 300 nM (Fig. 4C) . These results strongly suggest that Hp (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) activates neutrophils through LXA 4 R/FPRL1 but not through FPR. This was confirmed by desensitization (18) experiments with neutrophils performed with the agonist WKYMVm. Neutrophils first activated with WKYMVm were unable to generate a second burst of superoxide when they were challenged 10 min later with Hp(2-20) (Fig. 5A ). No such desensitization was obtained with neutrophils first challenged with fMLF at a concentration of 100 nM (Fig. 5B) .
Concluding remarks. Multiple microbial virulence factors have been suggested to affect the inflammatory response during an H. pylori infection. The bacteria have developed a unique ability to modulate neutrophil function, and earlier studies have identified a 150-kDa neutrophil-activating protein (Hp-NAP) as a key player in the inflammatory response induced by H. pylori (1, 13, 23) . We now introduce a new proinflammatory H. pylori peptide that shares the basic functional characteristics of Hp-NAP; both Hp (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) and Hp-NAP are neutrophil chemoattractants, they activate the phagocyte NADPH-oxidase to produce and release ROS, and they are potentially released from the bacteria after "altruistic" lysis (1, 23) .
Furthermore, we add Hp (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) to the array of agonists identified by the neutrophil LXA 4 R/FPRL1. LXA 4 R/ FPRL1 is expressed by a variety of cells of hematopoietic origin as well as in hepatocytes and epithelial cells (28) , suggesting that it may play an important role in both inflammatory and adaptive immunological responses. In addition to Hp (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) , LXA 4 R/FPRL1 also recognizes WKYMVm, two peptides derived from human immunodeficiency virus type 1 (a leucine zipper-like domain of the human immunodeficiency virus type 1 envelope gp41 and a sequence from the V4-C4 region of gp120, respectively) (19), a necrotactic peptide derived from mitochondria (6), as well as serum amyloid A, an acute-phase protein exhibiting chemotactic activity for both neutrophils and monocytes (25) . The Hp(2-20) peptide does not contain any reciprocal sequence homologies to any of the other agonists, a fact that is in agreement with the promiscuous feature of LXA 4 R/FPRL1.
The presence of a cecropin-like sequence in the H. pylori genome is consistent with the idea that cecropins have their evolutionary origin in a microbial parasite or symbiont (21a) . Our data show that the cecropin-like peptide Hp(2-20) not only has a potent antibacterial effect but also possesses proinflammatory activity, linking these two prominent features of innate immunity. This possibly implies that the inflammatory process has evolved in close connection with the more primitive defense mechanism of antibacterial peptides. The bactericidal as well as the proinflammatory activities of cecropin-like H. pylori peptides may be essential for H. pylori virulence, and it will be intriguing to further investigate whether both properties rely on the same structural features and whether the functional dualism displayed by Hp (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) is a general feature among cecropin-like peptides. Phosphorylation and cytoskeletal coupling of the ligated receptor terminate the response. This process is known as desensitization and makes the cells unable to generate a second burst of superoxide if they are challenged within 10 min with an activator that uses the same receptor (18) . Neutrophils were first activated with WKYMVm (100 nM) (A) or fMLF (100 nM) (B), incubated for 10 min, and then challenged with Hp(2-20) (50 M). WKYMVm, but not fMLF, was able to desensitize neutrophils against Hp (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) activation, implying that Hp (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) activates neutrophils via LXA 4 R/FPRL1 but not FPR. The superoxide anion release was measured by isoluminol-enhanced chemiluminescence (11) . The arrows indicate the time of addition of agonists.
